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ABSTRACT

Brassinosteroids (BRs) are steroidal phytohormones indispensable for plant growth, development, and re-
sponses to environmental stresses. The export of bioactive BRs to the apoplast is essential for BR signaling
initiation, which requires binding of a BR molecule to the extracellular domains of the plasma membrane-
localized receptor complex. We have previously shown that the Arabidopsis thaliana ATP-binding cassette
(ABC) transporter ABCB19 functions as a BR exporter and, together with its close homolog ABCB1, posi-
tively regulates BR signaling. Here, we demonstrate that ABCB1 is another BR transporter. The ATP hydro-
lysis activity of ABCB1 can be stimulated by bioactive BRs, and its transport activity was confirmed in pro-
teoliposomes and protoplasts. Structures of ABCB1 were determined in substrate-unbound (apo),
brassinolide (BL)-bound, and ATP plus BL-bound states. In the BL-bound structure, BL is bound to the hy-
drophobic cavity formed by the transmembrane domain and triggers local conformational changes.
Together, our data provide additional insights into ABC transporter-mediated BR export.
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INTRODUCTION et al, 2016; Wang et al., 2023). Hence, the membrane

permeation of BRs is essential for initiation of the signaling
As the only steroidal hormones in plants, brassinosteroids (BRs)  cascade. As BR biosynthesis proceeds, the steroidal

regulate a plethora of physiological and developmental pro-  precursors undergo polyhydroxylation, thus making the

cesses (Nolan et al., 2020). BR signaling is initiated by binding  pioactive BRs more polar (Choe et al., 1998; Fujioka and
of the bioactive BR molecule to the extracellular domains of the  vokota, 2003; Vukasinovic and Russinova, 2018). Molecular

membrane-embedded receptor complex (Fujioka and Yokota,
2003; Hothorn et al., 2011; She et al., 2011; Santiago et al.,
2013; Sun et al,, 2013; Northey et al., 2016). However, BRs are i b the Plant Communications Shanghai Editorial Office in

synthesized in the cell interior by enzymes localized in the association with Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and
endoplasmic reticuum membrane (Kim et al., 2006; Northey CEMPS, CAS.
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dynamic simulations indicate that it is difficult for steroidal
molecules with polyhydroxyl groups to diffuse through the
membrane (Atkovska et al., 2018), implying that BR exporters
are needed in this process. Although BRs do not undergo long-
distance transport, their short-distance movement is important
for BR biosynthesis and signaling (Symons and Reid, 2004;
Vukasinovic and Russinova, 2018; Vukasinovic et al., 2021;
Wang et al., 2023).

ABCB1 (or P-glycoprotein 1 [PGP1]) and ABCB19 (or multidrug
resistance 1 [MDR1]) are the first two members of the multidrug
resistance (MDR)-family ABC transporters identified in Arabidop-
sis thaliana (Arabidopsis) (Dudler and Hertig, 1992; Noh et al.,
2001; Sanchez-Fernandez et al., 2001; Rea, 2007) and share a
sequence identity of 53% (Supplemental Figure 1). In contrast
to the dwarf abcb79 mutant, the abcb? mutant exhibits no
significant phenotypic changes under long-day growth
conditions but displays a less severe dwarf phenotype when
grown in short-day conditions (Noh et al., 2001, 2003; Geisler
et al., 2005; Lin and Wang, 2005; Ye et al., 2013). ABCB1 and
ABCB19 were originally characterized as auxin exporters (Noh
et al., 2001, 2003; Geisler et al., 2005; Lin and Wang, 2005;
Lewis et al., 2007; Hao et al., 2020). The expression of both
proteins is auxin responsive (Noh et al., 2001; Geisler et al.,
2005), and the basipetal movement of auxin in inflorescence
stems and seedlings was reduced in the abcb79 mutant,
exaggerated in the abcb1 abcb19 double mutant, but not
compromised in the abcb? mutant (Noh et al., 2001). Auxin
efflux activities of ABCB1 and ABCB19 have been demonstrated
by either the reduced indole-3-acetic acid (IAA) export in Arabi-
dopsis protoplasts isolated from abcb1, abcb19, and abcb1
abcb19 mutants or the increased IAA export in heterologous sys-
tems, including yeast and Hela cells, overexpressing ABCB1 or
ABCB19 (Geisler et al., 2005; Bouchard et al., 2006; Bailly
et al., 2008; Henrichs et al., 2012; Hao et al., 2020). Recently,
we have shown that Arabidopsis ABCB19 exports bioactive
BRs and positively regulates BR signaling together with its close
homolog ABCB1 (Ying et al., 2024). However, whether ABCB1 is
also a BR transporter awaits validation.

In this study, we showed that, like ABCB19, Arabidopsis ABCB1
can also export bioactive BRs, as supported by in vitro ATPase
activity measurements, as well as proteoliposome-based and in
planta protoplast-based transport assays. High-resolution struc-
tures were determined for ABCB1 in three different states using
cryo-electron microscopy (cryo-EM) single-particle analysis.
Conformational changes were observed in the transmembrane
domains of ABCB1 upon BR binding, further revealing how the
bioactive BR molecule is recognized by ABCB1 and the dy-
namics of BR export.

RESULTS

ABCB1 can export bioactive BRs

To test whether ABCB1 is a BR transporter, we first purified Ara-
bidopsis ABCB1 using the human embryonic kidney 293F
(HEK293F) cell expression system. Like that of ABCB19 (Ying
et al., 2024), the protein yield of ABCB1 was only improved
when co-expressed with the immunophilin-like protein
TWISTED DWARF1 (TWD1) (Supplemental Figure 2A), providing

Brassinosteroid export mediated by ABCB1

evidence that TWD1 functions as a molecular chaperone of
ABCB1 and ABCB19 (Yin et al., 2002; Wu et al., 2010). We then
tested the ATPase activity of ABCB1 in the presence of four
different phytohormones: two natural auxins (IAA and indole 3-
butyric acid [IBA]), brassinolide (BL), and gibberellic acid-3
(GA3) (Figure 1A). The ATPase activity of ABCB1 was dramati-
cally increased by BL but not by the auxins or GA3. The Vijax
value of dose-dependent stimulation by BL was 215.5 =
3.9 nmol™" min~" mg~" protein using the Hill equation (n value
prefixed to 1.0), and the half maximal effective concentration
(ECs0) was 0.69 + 0.09 uM (Figure 1A). Such stimulations were
also observed under different ATP concentrations, comparing
the ATPase activities of wild-type ABCB1 (ABCB1"T) in the pres-
ence or absence of BL (Supplemental Figure 2B). The ABCB1
catalytic mutant (ABCB1E9), in which two conserved glutamates
(E532 and E1188) in the Walker-B motif of the nucleotide-binding
domains (NBDs) were mutated to glutamines, served as a control
and showed no ATPase activity in the presence or absence of BL
(Supplemental Figure 2B). ATPase activity was also inhibited
by the potent inhibitor vanadate in the presence or absence
of BL (Supplemental Figure 2C). In addition to BL, two
other bioactive BRs, 24-epibrassinolide (24-epiBL) and
24-epicastasterone (24-epiCS), also increased the ATPase
activity of ABCB1 (Figure 1B), but the less-hydroxylated
BR precursors campesterol and 22-hydroxycampesterol
(22-OHCR) and the mammalian steroids cholesterol, taurocholic
acid, and estrone sulfate did not (Figure 1B). We compared the
ATPase activities of ABCB1 and ABCB19 under the same assay
conditions. The results showed that the ATPase activity at a given
concentration of BL or the V.5« value of ABCB1 was much higher
than that of ABCB19 (Figure 1C and 1D), whereas the EC5q values
of ABCB1 for BL, 24-epiBL, or 24-epiCS were similar to
those reported for ABCB19 (Figure 1D) (Ying et al., 2024). The
BL-triggered ATPase activity of ABCB1 was unaffected by the
presence of auxins such as IAA or IBA (Supplemental Figure 2D
and 2E), suggesting that auxin might not compete for the
BL-binding site of ABCB1.

To test the BR transport activity of ABCB1, we first used the
proteoliposome-based transport assay described previously for
ABCB19 (Ying et al., 2024). Purified ABCB1 proteins were recon-
stituted into proteoliposomes. Accumulation of [*H]-labeled BL
(IBHI-BL) in proteoliposomes was determined for ABCB1WT or
the catalytic ABCB1 EQ mutant in reaction buffer with or without
the ATPase inhibitor vanadate. [°H]-BL accumulation was
greater for proteoliposomes loaded with ABCB1"T in reaction
buffer without vanadate than for those tested in buffer with
vanadate or those loaded with the EQ mutant (Figure 1E),
suggesting that ABCB1 can transport bioactive BR in vitro using
the energy of ATP hydrolysis. No active transport of IAA or IBA
was detected in this proteoliposome-based assay system
(Supplemental Figure 2F and 2G), as also reported for ABCB19
(Ying et al.,, 2024). However, in a cell-based auxin-loading
assay, cells expressing both ABCB1 and TWD1 accumulated
less [*H]-IAA than those expressing TWD1 alone (Supplemental
Figure 2H), suggesting an active auxin efflux activity of ABCB1
under in vivo conditions, similar to that of ABCB19 (Ying et al.,
2024). We then tested the BR transport activity of ABCB1 in Ara-
bidopsis protoplasts using the bioactive clickable BL precursor
castasterone (CS)-alkyne (CSA). Similar to BL, CSA also triggered
the ATPase activity of ABCB1, although less potently, with a Vi«
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Figure 1. ABCB1 transports BRs.

(A) ATPase activity of ABCB1 in the presence of different phytohormones, including indole-3-acetic acid (IAA), indole 3-butyric acid (IBA), gibberellic
acid-3 (GA3), and brassinolide (BL).

(B) Steroid-concentration-dependent ATPase activity of ABCB1.

(C) ATPase activities of ABCB1 and ABCB19 in the presence or absence of 5 uM BL. Significance was determined using an unpaired t-test. ****p < 0.0001.
Data in (B) and (C) are means of four independent measurements +SD.

(D) Comparisons of kinetic parameters of the ATPase activity of ABCB1 and those previously reported for ABCB19.

(E) Accumulation of BL was higher in ABCB1""-loaded proteoliposomes in buffer with 2 mM ATP than in buffer with ATP and vanadate and in ABCB15@
mutant-loaded proteoliposomes. Significant differences between ABCB1"T proteoliposomes with or without vanadate were determined using an un-
paired t-test. “*p < 0.0021, **p = 0.0002. Data in (A) and (E) are means of three independent measurements +SD.

(F) The export of castasterone-alkyne (CSA) was increased in Arabidopsis protoplasts expressing ABCB1VT-GFP but not in protoplasts expressing
ABCB1EQ-GFP, as detected by a bioorthogonal chemistry-based transport assay. The signal is shown after the bioorthogonal reaction with azide-BDP-
FL. Scale bars, 10 um.

(G) Quantification of the fluorescence intensity shown in (F). All individual data points are plotted. Black horizontal bars represent the means, and error
bars represent SD. The percentage shows the reduction in CS-BDP-FL signal after incubation (INC). n, number of cells analyzed. A.U., arbitrary units.
Significant differences were determined by one-way ANOVA with Tukey’s multiple comparison test. ***p < 0.0001. ns, not significant. (F and G) The
experiment was repeated independently twice with similar results, and one representative experiment is shown.

value of 174.0 + 9.4 nmol~! min~" mg~" protein and an ECsg of et al., 2010; Huang et al., 2023; Ying et al., 2023), protoplasts

2.02 + 0.44 pM (Figure 1D and Supplemental Figure 2I),
suggesting that ABCB1 can transport CSA, though less efficiently
than BL (Supplemental Figure 2l). CSA was visualized after a
click reaction with azide-BODIPY-fluorescein (azide-BDP-FL)
(Figure 1F and 1G). When compared with non-transfected proto-
plasts or protoplasts expressing the ABCB159-GFP mutant or the
Arabidopsis abscisic acid transporter GFP-ABCG25 (Kuromori

Plant Communications 6, 101181, January 13 2025 © 2024 The Author(s).

expressing ABCB1“WT-GFP showed enhanced export of
CSA (Figure 1F and 1G; Supplemental Figure 3A and 3B).
The export efficiency of ABCB1YWT-GFP was comparable to
that of ABCB19VT-GFP, albeit consistently slightly weaker
(Supplemental Figure 3A and 3B). In agreement with this resullt,
CSA uptake was lower in protoplasts isolated from abcb7 and
abcb1 abcb19 mutants than in those isolated from wild-type or
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Figure 2. ABCB1 structures in the substrate-unbound and BL-bound states.
(A) Overview of the EM density map of ABCB1"" in the substrate-unbound state. Transmembrane domain 1 (TMD1) and nucleotide-binding domain 1

(NBD1) are colored cyan. TMD2 and NBD2 are colored khaki.
(B) ABCBH1 structure in the substrate-unbound state.

(C) A cartoon representation of the TMDs of ABCB1 in the substrate-unbound state.
(D) Overview of the surface electrostatic potential of the substrate-unbound ABCB1 structure.

(E) ABCB1"T structure in the BL-bound state. The BL molecule is shown in sticks with carbon atoms colored yellow.

(F) EM density of the BL molecule shown by UCSF Chimera at a threshold of 0.8.

(G) The TMDs of ABCB1"T in the BL-bound state. BL is shown in spheres.

p35S:ABCB1-GFP-expressing plants (Supplemental Figure 3C
and 3D). Taken together, our data provide evidence that
Arabidopsis ABCB1 is also a BR transporter.

Structural characterization of ABCB1 under different
states

We next determined the structures of ABCB1 under different
states. We co-expressed ABCB1"T with TWD1 and purified the
protein using the detergent digitonin (Supplemental Figure 4A).
Using cryo-EM analysis, we obtained a density map for
substrate-unbound ABCB1 at an overall resolution of 3.5 A
(Figure 2A, Supplemental Figures 4B-4F and 5A and 5B). By
adding BL to the protein prior to cryo-sample preparation, we ob-

tained an electron microscopy (EM) density map of BL-bound

ABCB1"T at a 3.5-A resolution (Supplemental Figures 4G-4K
and 6A and 6B). A clear density was identified in the cavity
formed by the transmembrane domains (TMDs) and docked
well with a BL molecule (Figure 2F). We also determined an EM
map of the ABCB1E® mutant in the presence of both ATP and
BL at an overall resolution of 3.8 A (Supplemental Figure 7A-
7G). Atomic models were built for ABCB1 under the three
different states (Supplemental Table 1).

Architecture of ABCB1 in the apo and BL-bound states

The ABCB1 structure in the apo state exhibited a V-shaped
architecture and adopted a conserved fold of the type-IV ABC
transporters (Thomas et al., 2020; Thomas and Tampé,
2020; Alam and Locher, 2023) (Figure 2A and 2B). The amino

4 Plant Communications 6, 101181, January 13 2025 © 2024 The Author(s).
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Figure 3. Coordination of BL by ABCB1.
(A) BL binds to a hydrophobic pocket of ABCB1. BL is shown in sticks.
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(B) Zoomed-in views of the BL-bound structure of ABCB1V". BL is shown in sticks with carbon atoms colored yellow. Side chains of the residues close to

BL are shown in sticks with carbon atoms colored cyan.

(C) BL-concentration-dependent ATPase activities of ABCB1" and its mutants. Data are fitted using the Hill equation. Data are means of three inde-

pendent measurements +SD.

(D) CSA export was reduced in Arabidopsis protoplasts overexpressing ABCB1Y286AY941A_GEP_ The signal is shown after bioorthogonal reaction with

azide-BDP-FL. Scale bars, 10 pm.

(E) Quantification of the fluorescence intensity shown in (D). All individual data points are plotted. Black horizontal bars represent the means, and error
bars represent SDs. The percentage shows the reduction in CS-BDP-FL signal after incubation (INC). n, number of cells analyzed. A.U., arbitrary units.
Significant differences were determined by one-way ANOVA with Tukey’s multiple comparison test. “p < 0.05, ***p < 0.0001. ns, not significant. The

experiment was performed once.

(N)-terminal and carboxyl (C)-terminal halves formed an inverted
pseudo-dimer (Figure 2B). The two TMDs were arranged in a
domain-swapped manner (Figure 2C) and formed a large cavity
opening to the cytosol (Figure 2D). Thus, the determined
substrate-unbound ABCB1 structure was in an inward-facing
conformation, similar to that of ABCB19 (Ying et al., 2024). The
surface of the cavity was mainly hydrophobic, favoring binding
of hydrophobic molecules (Figure 2D).

In the BL-bound structure of ABCB1, the BL molecule was posi-
tioned in the bottom of a cytosolic-facing cavity (Figure 2E and
2G). F61, L62, F65 in transmembrane segment 1 (TM1), Y941 in
TM11, and F966, M967, M970, and V971 in TM12 formed a
cavity accommodating the polymethyl and polyhydroxyl side
chain of BL (Figure 3A and 3B). The steroidal rings of BL
bound to a hydrophobic surface formed by surrounding
residues, including V282, Y286, F312, 1316, L319, F717, and
L721 (Figure 3B). In addition to hydrophobic interactions,
Y941 formed a hydrogen bond with the hydroxyl group on
C-23 (Figure 3B), and Y286 formed a hydrogen bond with the
carbonyl oxygen of the ester group in the 7-oxalactone ring of

BL (Figure 3B). Notably, the moieties of BL that formed
hydrogen bonds with ABCB1 were absent in the biosynthetic
precursors campesterol and 22-OHCR but were conserved in
bioactive CS (Supplemental Figure 2J). This may explain why
only bioactive BRs, and not their precursors, triggered the
ATPase activity of ABCB1. We mutated each BL-binding resi-
due into alanine and tested the ATPase and BL transport activ-
ities of the respective mutants (Figure 3C; Supplemental
Figure 8A; Supplemental Table 2). Most mutants had
lower ATPase activities than ABCB1V" in the presence of the
same BL concentrations (Figure 3C), with lower Viax
values and greater ECso values (Supplemental Table 2).
Consistent with their lower ATPase activities, the BL-binding
mutants also showed reduced BL transport activities in
the proteoliposome-based transport assay compared with
ABCB1"T (Supplemental Figure 8A). The ABCB1Y2"9A mutant,
which was not affected in ATPase activity, was used as a con-
trol and displayed a wild-type BL transport ability (Figure 3C;
Supplemental Figure 8A). ATPase and BL transport activities
were reduced in the Y286A and Y941A single mutants, as
well as the Y286A/Y941A double mutant (Supplemental

Plant Communications 6, 101181, January 13 2025 © 2024 The Author(s). 5
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Figure 4. Structural comparisons between ABCB1 and ABCB19.

(A) Structure alignment of ABCB1 and ABCB19 (PDB: 8WOQI) in the apo state.

(B) Structure alignment of ABCB1 and ABCB19 (PDB: 8WOM) in BL-bound state. A zoomed-in view of the BL-binding pocket is shown on the right.
(C) Structural comparison of the BL-binding site in ABCB1 and ABCB19. The color scheme is the same as that in (B).

(D) Schematic representation of the interactions between BL and ABCB1 or ABCB19 as shown by Ligplot* (red dashed lines, hydrogen bonds; spokes,

hydrophobic interactions).

(E) Sequence alignment of A. thaliana ABCB1 with A. thaliana ABCB19 and ABCB1s from other representative plant species. Residues involved in BL
binding in A. thaliana ABCB1 are marked at the top of the sequence. Invariant amino acids in all species are colored blue.

Figure 8A, 8B, and 8D). Consistent with this result, CSA export
was reduced in protoplasts expressing ABCB1Y2%¢A_-GFP,
ABCB1Y**'"A.GFP, or ABCB1Y28AYSIA_GFP (Figure 3D and
3E; Supplemental Figure 8F and 8G).

Structural comparisons between ABCB1 and ABCB19

Structural alignments of ABCB1 and ABCB19 in the apo state re-
vealed a similar architecture with a root-mean-square deviation
(RMSD) of 1.9 A (1051 Ca atoms aligned) (Figure 4A). The
TMDs of ABCB1 and ABCB19 merged well, except for shifts in
the cytosolic portions of TM3, TM4, and TM9 (Supplemental
Figure 9A). In the ABCB19 structures, an extra regulatory (R)
domain was observed, formed by the linker between NBD1 and
TMD2 that may be involved in regulating the transport activity
of ABCB19 (Ying et al., 2024) (Figure 4A). However, we did not

observe such a structure in ABCB1. In addition, the R-domain
sequence in ABCB19 and the corresponding linker sequence
in ABCB1 shared low similarities (Supplemental Figure 1).
Whether the activity of ABCB1 is regulated through this sequence
awaits further investigation.

BL bound to a conserved site in ABCB1 and ABCB19, as demon-
strated by sequence and structural alignments (Figure 4B-4D;
Supplemental Figure 1). The BL molecule used almost identical
conformations in the two structures, with the steroidal rings
packing to a hydrophobic surface and the polymethyl and
polyhydroxyl side chain protruding into a hydrophobic pocket
(Figure 4C and 4D). The interacting residues were highly
conserved or invariant in ABCB1 and ABCB19 (Figure 4C—4E).
However, some variations were observed, especially for the

6 Plant Communications 6, 101181, January 13 2025 © 2024 The Author(s).
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Figure 5. Structural changes in ABCB1 upon BL binding.

4

(A) Structure alignments of ABCB1 in the apo state (colored gray) and BL-bound state (colored green).
(B) Structure alignments of the TMDs of ABCB1 in the apo state and BL-bound state. Structural shifts are observed in TM4, TM9, TM10, and TM12, as

indicated by magenta arrows.

(C) Structural comparison of the residues involved in BL binding in the apo-state structure (cartoon structure and carbon atoms colored gray) and BL-
bound structure (cartoon structure and carbon atoms colored green and cyan) of ABCB1.

(D) Magnified views of the structural changes in TM10 and TM12 upon BL binding. BL is shown in sticks with carbon atoms colored yellow. Side chains of
the residues adjacent to BL are shown in sticks. A magnified view of the structural changes in TM12 is shown in the blue box.

two residues that formed hydrogen bonds with BL in ABCB1,
Y286 and Y941. In ABCB19, Y286 was substituted by a trypto-
phan residue (W283), and Y941 was replaced by a glutamate res-
idue (E928) (Figure 4D and 4E; Supplemental Figure 1). In the
BL-bound ABCB19 structure, no hydrogen bond was observed
between E928 and BL, whereas W283 still formed a hydrogen
bond with the carbonyl oxygen in the 7-oxalactone ring of BL
(Rohou and Grigorieff, 2015). Together, these observations
further supported the notion that the oxalactone moiety formed
during the synthesis of active BRs plays a critical role in their
binding to both ABCB1 and ABCB19. In addition to ABCB19,
we also aligned the ABCB1 proteins from Arabidopsis and other
plant species, including tobacco, potato, soybean, maize,
rice, and wheat (Figure 4E; Supplemental Figure 10). They
shared high sequence identity, about 75%-88% (Supplemental
Figure 10), and the BL-binding residues were highly conserved
and all invariant in the compared ABCB1s, suggesting that these
ABCB1s may also serve as BR transporters (Figure 4E).

We next compared the BL-binding site in ABCB1 with the struc-
ture of the human bile acid exporter ABCB11 (hABCB11) bound
with taurocholate (Wang et al., 2022). Structure alignment
revealed a similar fold of the TMD and NBD, with an RMSD of
27 A of 1013 Cua pairs (Supplemental Figure 9B). The
BL-binding site in ABCB1 merged well with the taurocholate

site, with the ligands adopting a similar orientation
(Supplemental Figure 9B). In both structures, the steroidal rings
of the substrate packed to the hydrophobic cavity surface
(Supplemental Figure 9B and 9C). Whereas the polymethyl and
polyhydroxyl tail of BL protruded into a hydrophobic pocket in
ABCB1, the negatively charged taurine ring of taurocholate was
stabilized by a tyrosine residue, Y145, in hABCB11 (Wang
et al., 2022) (Supplemental Figure 9B and 9C).

Structural changes in ABCB1 upon BR binding

All determined ABCB1 structures exhibited an inward-facing
conformation (Figure 5A). Alignments of the substrate-unbound
and BL-bound ABCB1 structures revealed an RMSD of 1.4 A
(Figure 5A). Overall, the two halves of the transporter moved
closer upon BL binding, for both the TMDs and NBDs
(Figure 5A). In the TMDs, large shifts were observed in TM4,
TM9, TM10, and TM12, especially for TM10 and TM12
(Figure 5B). In comparison, such conformational changes upon
BL binding were not observed in the ABCB19 structures (Ying
et al., 2024). BL binding triggered a conformational change in
TM12, particularly at the joint region to the cytosolic part
(Figure 5C and 5D). Regions of TM10 and TM12 where large
shifts occurred were adjacent to the BL molecule (Figure 5D).
Specifically, M967 and V971 in TM12 were involved in
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formation of the hydrophobic pocket to accommodate the
polymethyl tail of BL (Figures 3A, 5C and 5D). As the
conformation changed, E978 in TM12, which interacted with
K864 in TM10, rotated away and was no longer in contact with
K864 (Figure 5D). As shown in the ATPase assay, the E978A
mutant had increased basal ATPase activity in the absence of
BL, ~four-fold higher than that of ABCB1"", whereas the Vinax
value was comparable (Supplemental Figure 8C and 8E). A
proline residue (P984) was situated at the joint region of TM12,
where large conformational changes occurred (Figure 5D).
The P984A mutant also had increased basal ATPase
activity, ~eight-fold higher than that of ABCB1"T, as well as a
higher Vihax (Supplemental Figure 8C and 8E). However, the
E978A and P984A mutants had a BL transport ability similar to
that of ABCB1"T in the proteoliposome-based transport assay
(Supplemental Figure 8A). The roles of these two residues in BR
transport remain to be fully characterized. The conformational
changes in the TMDs of ABCB1 were transferred to the NBDs
mainly through four short inter-TM helices (ICHs) positioned be-
tween the TMDs and NBDs. ICH1 between TM2 and TM3 and
ICH4 between TM10 and TM11 mediated the interactions
between TMD1 and NBD1, and ICH2 between TM4 and
TM5 and ICH3 between TM8 and TM9 mediated the interactions
between TMD2 and NBD2 (Supplemental Figure 9D). Extensive
interactions were formed between the ICHs and the
corresponding NBDs, including both hydrophobic or ionic
interactions and hydrogen bonding (Supplemental Figure 9D).
Such ICH motifs are conserved in the determined structures of
the ABCB family and other ABC transporter families, playing
essential roles in coupling the movements of the TMDs and
NBDs (Alam and Locher, 2023).

In ABC transporters, ATP binding typically triggers closure of
NBDs and conformational changes in TMDs (Thomas and
Tampé, 2020). However, in the ATP plus BL-bound structure of
ABCB1E®, we did not observe large changes in either NBDs or
TMDs. Structure alignments revealed that the ATP plus BL-
bound structure of ABCB1 was similar to that of the BL-bound
state, with an RMSD of 0.6 A (Supplemental Figure 9E). ATP
binding induced local changes, particularly in NBD1, through
interactions between the ATP molecule and the surrounding
residues (Supplemental Figure 9F and 9G), but it did not cause
the expected closure of the NBDs.

DISCUSSION

Our findings show that, like ABCB19, ABCB1 also functions as a
BR exporter in Arabidopsis. Although the two BR exporters have
similar functions and their BL-binding pockets show some con-
servation, they may be regulated differently. ABCB1 lacked the
R domain that was identified in ABCB19 (Ying et al., 2024), and
the linker sequence in ABCB1 corresponding to the R domain
of ABCB19 shared a low sequence identity (Supplemental
Figure 1). The R domain plays an inhibitory role in the activity of
ABCB19 (Ying et al., 2024). Consistent with its lack of an R
domain, ABCB1 had higher ATPase activity than ABCB19 in the
presence and absence of BL (Figure 1C and 1D), although this
was not positively correlated with its ability to transport CSA in
Arabidopsis protoplasts (Supplemental Figure 3A and 3B).
Although only bioactive BRs, not auxin, triggered the ATPase
activities of ABCB1 and ABCB19 in vitro, both transporters

Brassinosteroid export mediated by ABCB1

have previously been characterized as auxin transporters (Noh
et al., 2001, 2003; Geisler et al., 2005; Lin and Wang, 2005;
Lewis et al., 2007; Hao et al., 2020). Therefore, an intriguing
question is how ABCB1 and ABCB19 transport these two distinct
phytohormones. The transport activity of ABCB1 has been re-
ported to be regulated by the AGC protein kinase PINOID
(PID) through phosphorylation of its linker sequence (Henrichs
et al.,, 2012). S634 was identified as a possible residue
phosphorylated by PID, and an S634E mutation increased the
auxin export activity of ABCB1 (Henrichs et al., 2012). Whether
this residue plays a role in BR transport requires further study.

ABCB1 and ABCB19 show overlapping as well as distinct
expression patterns in different plant tissues and growth stages,
contributing to redundant or synergistic functions (Noh et al.,
2001; Geisler et al., 2005; Cecchetti et al., 2015). For example,
whereas ABCB19 is highly expressed in the inflorescence stem
or seedling hypocotyl, ABCB1 expression is not detected in these
cells (Noh et al., 2001). Consistent with these observations, the
abcb1 mutant shows no visible phenotypes, whereas the
abcb19 mutant is defective in the growth of these organs (Noh
et al., 2001). Both ABCB1 and ABCB19 are involved in floral
development. However, the floral phenotype is apparent only in
the abcb1 abcb19 double mutant, suggesting functional redun-
dancy of the two transporters (Noh et al., 2001). In addition,
ABCB1 and ABCB19 have been shown to act redundantly in
the regulation of stamen elongation, whereas ABCB1 contributes
mainly to anther development (Noh et al., 2001; Cecchetti et al.,
2015). The contribution of BR transport to these plant tissues or
growth stages remains to be studied.

The apo state, BL-bound, and ATP plus BL-bound structures of
ABCB1 were all determined in the inward-facing conformation.
The ABCB1VT or ABCB1E? structures were also solved under
different experimental conditions. For example, the ABCB1WT
structure was solved in the presence of ATP and BL; in the pres-
ence of ATP, ADP, and BL; in the presence of ADP and vanadate;
and in the presence of BL and the non-hydrolysable ATP analog
AMP-PNP, or ATP-vS (Supplemental Figure 11A). The ABCB1E@
structure was solved in the presence of ATP, ADP, and BL
(Supplemental Figure 11A). However, all ABCB1 structures ex-
hibited the same inward-facing conformation according to the
EM maps (Supplemental Figure 11A). The dominant inward-
facing state captured for both ABCB1 and ABCB19 (Ying et al.,
2024) and the failure to capture conformational transitions may
be due to difficulty in overcoming the energy barrier for
the purified protein or to the absence of some factors
involved in regulating the activity of ABCB1 and ABCB19.
Using AlphaFold3 (Abramson et al., 2024), we predicted the
structure of Arabidopsis ABCB1 bound to ATP molecules. The
predicted model displayed a distinct conformation compared
with the inward-facing structures determined via cryo-EM
(Supplemental Figure 11B). The ATP-bound structure has been
determined for human ABCB1 (hABCB1), which was in an
outward-facing conformation (Kim and Chen, 2018; Alam et al.,
2019). The predicted Arabidopsis ABCB1 model closely resem-
bled the ATP-bound structure of hABCB1, with an RMSD of
1.9 A (Supplemental Figure 11D) (Kim and Chen, 2018).
However, the substrate-binding cavity of the predicted structure
remained closed on the extracellular side, exhibiting an occluded
conformation (Supplemental Figure 11C). Structure alignments
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between the predicted model and the inward-facing structure of
Arabidopsis ABCB1 determined in the presence of BL revealed
an RMSD of 9.0 A (Supplemental Figure 11E). Large
conformational changes were observed in both the NBDs
and the TMDs (Supplemental Figure 11E). Upon ATP binding,
the two NBDs moved closer and interacted in a head-to-
tail manner, a conserved feature of ABC transporters
(Supplemental Figure 11F) (Kim and Chen, 2018; Thomas and
Tampé, 2020). Structural shifts in the NBDs were relayed
to the TMDs via the ICHs that connected the TMDs and
NBDs, leading to conformational changes within the TMDs
(Supplemental Figures 9D and 11G). Structure alignments of
the TMDs in the predicted model and the inward-facing structure
revealed that the transmembrane segments in the first half of
the TMDs, including TM1-TM3, TM6, and TM11, remained rela-
tively unchanged. By contrast, the remaining transmembrane
segments (TMs) underwent significant rearrangements
(Supplemental Figure 11G). On the cytosolic side, the two TMD
halves moved closer, closing off the substrate-binding cavity,
while, on the extracellular side, TMs of the second half, such as
TM4-TM5 and TM7-TM8, rotated to widen the opening of the
cavity (Supplemental Figure 11G). These conformational
changes are consistent with those observed in the structural
transitions of other ABCB transporters, such as hABCB1 (Kim
and Chen, 2018; Thomas and Tampé, 2020). However, we
noticed that a helix located between the two halves of
Arabidopsis ABCB1 (residues 595-615), a part of the linker
sequence that may be implicated in regulation of transport activ-
ity via phosphorylation, underwent a significant shift during the
transition between the inward-facing and occluded conforma-
tions (Supplemental Figure 11B). In the inward-facing structure,
this linker was positioned between the two NBDs, potentially in-
hibiting their closure (Supplemental Figure 11B). In the
occluded structure model, the helix shifted downward, allowing
the two NBDs to come together (Supplemental Figure 11B).
Notably, this helix is not conserved in hABCB1 structures
(Supplemental Figures 1 and 11D). Whether this helix
contributes to the dominant inward-facing conformation of Arabi-
dopsis ABCB1 captured in cryo-EM and its role in regulating BR
transport remain to be clarified. Nonetheless, the functional and
structural characterizations of ABCB19 (Ying et al., 2024) and
ABCB1 presented here provide a basis for re-examining the sub-
strate specificity of the transporters and their roles in the cross-
talk between auxin and BRs in plants.

METHODS

Plant material and growth conditions

A. thaliana (L.) Heynh., accession Columbia-0 (Col-0), was used in all ex-
periments. Seeds were surface sterilized with sterilization buffer (80% [v/v]
ethanol, 2.5% [v/v] sodium hypochlorite), stratified for 2 days in the
dark at 4°C, and grown vertically on half-strength Murashige and
Skoog 1% (w/v) agar plates supplemented with 1% (w/v) sucrose at
22°C with a 16-h/8-h light/dark photoperiod. The following mutants and
transgenic Arabidopsis lines have been described previously (Ying et al.,
2024): p35S:ABCB1-GFP/Col-0 (ABCB10E, T3-3-5), abcb1-100 (SALK_
083649), and the abcb1 abcb19 double mutant generated by crossing
abcb1-100 with abcb19-101 (SALK_033455).

Chemical treatments

The BL (OIChemIm), IAA (Sigma-Aldrich), IBA (Sigma-Aldrich), GA3 (Sigma-
Aldrich), campesterol (MedChemExpress), 24-epiBL (Solarbio), 24-
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epiCS (MedChemExpress), taurocholic acid (MedChemExpress), choles-
terol (Sigma-Aldrich), and estrone sulfate (Aladdin) used in this study are
commercially available. The 22-OHCR and CSA were custom made
(Wang et al., 2023), kept at different stock concentrations in DMSO
(Sigma-Aldrich), and diluted 1000 x to reach final concentrations in the me-
dia. The BL, 24-epiBL, 24-epiCS, 22-OHCR, GA3, campesterol, taurocholic
acid, estrone sulfate, IAA, and IBA used for measurements were dissolved in
DMSO at a concentration of 100 mM, pre-diluted to different concentra-
tions, and added to the reaction mixture to ensure the same content of
DMSO (1%, v/v). Cholesterol (Sigma-Aldrich) was dissolved in ethyl alcohol
at a concentration of 100 mM, pre-diluted to different concentrations, and
added to the reaction mixture to ensure the same content of ethyl alcohol
(0.5%, v/v).

Plasmid construction

The full-length Arabidopsis ABCB1 (At2G36910) and TWD1 (AT3G21640)
genes were amplified from an A. thaliana cDNA library. To generate the
ABCB1 mutants, site-directed mutagenesis was performed with a stan-
dard two-step PCR. The sequence fragments of ABCB1 (wild type and
mutants) and TWD1 were subcloned into the pCAG vector with a C-termi-
nal FLAG tag (DYKDDDDK) plus Hisg tag and a Hisg tag, respectively. All
constructs were verified by DNA sequencing. The p35S:ABCB1-GFP and
p35S:ABCB19-GFP constructs used for transient expression in proto-
plasts were generated by Golden Gate assembly (New England Biolabs).
PCR was used to amplify the full-length genomic coding regions of
ABCB1 (AT2G36910) and ABCB19 (AT3G28860) (from ATG to the last
codon before the STOP codon), and the Bsal restriction sites were
removed using site-directed mutagenesis. The ABCB1(Y286A), ABC-
B1(Y941A), ABCB1(Y286AY941A), and ABCB1(E532QE1188Q) point mu-
tations were generated in gABCB1 by site-directed mutagenesis with
PCR-driven overlap extension. The resulting genomic DNA fragments
were cloned into the pGGCO000 entry vector (Lampropoulos et al., 2013)
and recombined together with the entry clones containing the 35S
promoter and GFP (C-terminal fusion) into the final expression vector
pGG_AG_KmR using a protocol described previously (Decaestecker
et al, 2019). The p35S:GFP-ABCG25 expression construct was
described previously (Ying et al.,, 2024). Primers are listed in
Supplemental Table 3.

Protein expression and purification

HEK293F cells (Sino Biological) were cultured in SMM 293T-Il medium
(M293Tll, Sino Biological) at 37°C and 130 rpm under 5% CO, and
transfected upon reaching a density of 2 x 10° cells per ml. A total of
1.5 mg of plasmids of ABCB1 and TWD1 at a ratio of 2:1 were pre-
incubated with 4 mg of linear polyethylenimines (Polysciences) in 45
ml of medium for 15 min. The mixture was then added to 800 ml of
HEK293F cells, followed by a static incubation for 15 min. After a 12-
h transfection, 10 mM sodium butyrate (Sigma-Aldrich) was added to
the cells, and they were cultured for an additional 48 h at 30°C. The
transfected cells were harvested by centrifugation at 2100 g for
10 min, and the cell pellets were resuspended in lysis buffer containing
25 mM HEPES-KOH (pH 7.4) and 150 mM NaCl, to which protease in-
hibitor cocktail (1 mM PMSF, 1.3 pg ml~" aprotinin, 0.7 pg mi~" pepsta-
tin A, and 5 ng mi~" leupeptin) and 1.5% (w/v) dodecyl maltopyranoside
(DDM, Anatrace) were added. After incubation in a rotating shaker at 4°C
for 2 h, the mixture was centrifuged at 200 000 g for 60 min. The super-
natant was isolated and incubated with anti-FLAG M2 affinity resin
(Sigma-Aldrich) at 4°C for 40 min.

For cryo-EM sample preparation, the resin was rinsed three times using
lysis buffer plus 0.06% (w/v) digitonin (Apollo Scientific) and then eluted
using lysis buffer supplemented with 0.06% (w/v) digitonin (Apollo Scien-
tific) and 200 ug mi~" FLAG peptide. The protein eluent was concentrated
to 2 ml using a 100-kDa cutoff Centricon filter (Millipore) and further puri-
fied by size-exclusion chromatography (Superose-6 Increase, 10/300 GL,
GE Healthcare) in lysis buffer plus 0.03% (w/v) digitonin. Peak fractions
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were collected and concentrated to about 10 mg ml~" for cryo-EM sample
preparation.

For the ATPase activity assay and proteoliposome reconstitution, the pro-
tein was expressed and purified in the same way, except that the detergent
used in the wash and elution buffer on the affinity columns was substituted
with 0.02% (w/v) DDM, and the detergent used in the buffer for size-exclu-
sion chromatography was substituted with 0.01% (w/v) DDM. Peak frac-
tions were collected and concentrated to about 2 mg ml~".

ATPase activity assay

The ATPase activities of Arabidopsis ABCB1"T and its mutants were
measured by quantifying inorganic phosphate using the ATPase Colori-
metric Assay Kit (Innova Biosciences) in 96-well plates. To measure
ATPase activity against different substrates, 3 ng of protein was incubated
with different substrates for 10 min on ice in reaction buffer containing
25 mM HEPES-KOH (pH 7.4), 150 mM KCI, 10 mM MgCl,, and 0.01%
(w/v) DDM. The reaction was initiated by the addition of ATP at a final con-
centration of 3 mM and then incubated at 37°C for 10 min. The reaction
was terminated by addition of 25 pl malachite development solution and
incubated for 2 min at room temperature prior to adding 10 ul of 10% ox-
alic acid. The amount of released inorganic phosphate was measured by
light absorbance at a wavelength of 650 nm with a BioTek Synergy H1
Multimode Reader. Statistical analysis was performed using GraphPad
Prism 8, and the kinetics of ABCB1 ATPase activities with serial concen-
trations of ligands were fitted to the Hill equation.

Proteoliposome reconstitution

Proteoliposomes were prepared as described previously (Geertsma et al.,
2008; Ying et al., 2024). In brief, soybean phospholipids (Sigma-Aldrich)
were dried twice with nitrogen gas after dissolving in a methanol:chloro-
form 3:1 (v/v) (Sigma-Aldrich) mixture and pentane (Sigma-Aldrich) at
50 mg mi~'. Reconstitution buffer containing 20 mM HEPES-KOH
(pH 7.4), 150 mM KCI, and 2 mM EDTA was used to resuspend the lipids
at a concentration of 20 mg ml~". Lipids were then frozen and thawed 10
times in liquid nitrogen. For reconstitution, liposomes were extruded
through 0.4-um membrane filters (Cytiva) 31 times and incubated with
1% DDM for 1 h at 4°C. Protein purified in DDM was added to the lipid
mixture at a ratio of 1:100 (w/w) and then incubated for 1 h at 4°C. Bio-
beads (Bio-Rad) were added at 100 mg mI~" in four batches to remove
the detergent. After removal of Biobeads, the liposomes were further ho-
mogenized by five freeze-thaw cycles and then extruded 10 times. Pro-
teoliposomes were collected by ultracentrifugation at 160 000 g for
1 h and resuspended in transport buffer containing 20 mM HEPES-KOH
(pH 7.4) and 150 mM KCl to a final concentration of 100 mg ml~".

[3H]-BL transport assay

The proteoliposome-based transport assay was performed using a rapid
filtration method (Geertsma et al., 2008; Kuromori et al., 2010; Ying et al.,
2024). In brief, the reaction was initiated by addition of 2 pul
proteoliposomes to 48 pl reaction buffer containing 20 mM HEPES-
KOH (pH 7.4), 150 mM KCI, 2 mM ATP, 1 uM BL, 7 nM [*H]-BL (specific
activity 0.6 Ci mmol~', American Radiolabeled Chemicals), and 5 mM
MgCl, at room temperature. For the control group, 1 mM sodium orthova-
nadate (Med Chem Express) or 1 mM EDTA was added to the reaction
buffer. Transport was stopped by transferring the samples to glass fiber
filters (0.3 mm, Advantec). The filters were then washed rapidly with 8
ml of ice-cold buffer containing 20 mM HEPES-KOH (pH 7.4) and
150 mM KCI. The filters were incubated with 3 ml of scintillation solution
for 2 h, and the radioactivity was measured by liquid scintillation counting
(Tri-Carb 2910TR, PerkinElmer). For the time-course assay, the accumu-
lation of [3H]-BL at different time points was calculated relative to the
mean amount measured at 0 min. For the ABCB1 mutants, BL accumula-
tion at 45 min was calculated as the difference between the experimental
group and the control group.

Brassinosteroid export mediated by ABCB1

Transport assay in Arabidopsis protoplasts

For the transport assay, protoplasts were isolated from 4-week-old
rosette leaves of wild-type Arabidopsis (Col-0), abcb1 and abcb1
abcb19 mutants, and p35S:ABCB1-GFP/Col-0 (ABCB1-OE) as described
previously (Ying et al., 2024). In brief, the leaf epidermal surface was
removed using a “tape-Arabidopsis sandwich” method (Wu et al., 2009)
and transferred to a Petri dish containing 20 ml of enzyme solution
(0.5 M sucrose, 10 mM MES-KOH [pH 5.7], 20 mM CaCl,, 40 mM KClI,
1% [w/v] cellulase Onozuka R10 [Yakult, Tokyo, Japan], and 1% [w/V]
Macerozyme Onozuka R10 [Yakult]). The leaves were incubated in the
dark for 2 h, and the released protoplasts were collected by centrifugation
at 600 g for 4 min. Protoplasts were washed with and resuspended in 10
ml of W5 solution (0.1% [w/v] glucose, 0.08% [w/v] KCI, 0.9% [w/v] NaCl,
1.84% [w/v] CaCl,, and 2 mM MES-KOH [pH5.7]) and kept in the dark
overnight before being used for DNA transfection or directly for transport
assays. Plasmids containing p35S:ABCB1-GFP, p35S:ABCB1(Y286A)-
GFP, p35S:ABCB1(Y941A)-GFP, p35S:ABCB1(Y286AY941A)-GFP, p35S:
ABCB1(E532QE1188Q)-GFP, p35S:ABCB19-GFP, and p35S:ABCG25-
GFP were introduced into protoplasts isolated from Arabidopsis Col-
0 by PEG-mediated transfection. The transfected protoplasts were incu-
bated in W5 solution overnight. Protoplasts were divided into three equal
portions from each genotype after isolation and transfection, then incu-
bated separately in W5 solution containing 10 uM CSA (two portions) or
DMSO (mock, one portion) for 4 h (feeding process). After feeding, proto-
plasts were washed briefly with W5 solution to remove excess CSA.
DMSO-treated and one portion of the CSA-treated protoplasts were fixed
immediately with 3.7% (v/v) formaldehyde (Sigma-Aldrich) in W5 for
15 min, washed three times with wash buffer (3% [w/v] bovine serum
albumin in W5), and kept in dark conditions for a click reaction. The other
portion of CSA-treated protoplasts was transferred to fresh W5 solution
and incubated for 4 h (export process), then fixed and washed the same
way as the other two portions. The fixed protoplasts were followed by click
reactions using the Click-&-Go Cell Reaction Buffer Kit (Click Chemistry
Tools, cat. no. 1263) and azide-BDP-FL (Jena Bioscience; cat. no. CLK-
044-1) at a final concentration of 3 uM in the reaction mixture for
40 min. Samples were washed three times with wash buffer and imaged.

Microscopy and image analysis

All images were obtained using an SP8X confocal microscope (Leica) with
an X40/0.75 water immersion objective. GFP was excited at 488 nm and
imaged at 500-530 nm. The BDP-FL signal was excited at 503 nm and
captured with a 505-519-nm emission filter. Images were analyzed with
Fiji software.

Cryo-EM sample preparation

For ABCB1WT i" the g bstrate-unbound state, samples were prepared us-
ing the Vitrobot Mark IV (Thermo Fisher Scientific). In brief, a 4-ul protein
aliquot was applied to a holey carbon grid (Quantifoil Cu R1.2/1.3, 300
mesh) glow discharged by SOLARUS 950 Plasma Cleaner (Gatan) using
H, and O, for 10 s. The grid was blotted with grade 597 Filter Paper (Cytiva
Whatman) for 3 s at 8°C and 100% humidity. The grid was then plunged
into liquid ethane precooled by liquid nitrogen and transferred to a storage
box. For BL-bound ABCB1"T and the ATP plus BL-bound ABCB1E®
mutant, each 4-ul protein aliquot was incubated with 1 mM BL, or 1 mM
BL, 5 mM ATP, and 5 mM MgCl, on ice for 30 min before cryo-EM sample
preparation.

Cryo-EM data collection and processing

All data were collected with EPU software in super-resolution mode on a
300-kV Titan Krios microscope (Thermo Fisher Scientific) equipped with a
K3 Summit direct electron detector (Gatan) and a GIF Quantum energy fil-
ter (Gatan) at a nominal magnification of 81 000x with defocus values
ranging from —1.0 to —2.0 um and a calibrated pixel size of 0.55 A.
Each movie stack was acquired with an exposure time of 3 s and
dose-fractioned into 32 frames, yielding a total accumulated dose of
50 e~ A2, Data were then imported into RELION 4.0, motion corrected,
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and dose weighted with MotionCor2 (Zheng et al., 2017; Zivanov
et al., 2018). The resulting micrographs were binned two-fold, yielding
a pixel size of 1.1 A, and then imported into cryoSPARC (v.3.2.0)
(Punjani et al., 2017). The defocus values of each image were
determined using CTFFIND4 (Rohou and Grigorieff, 2015). Data
processing for substrate-unbound ABCB1"Y", BL-bound ABCB1"", and
ATP plus BL-bound ABCB15? followed a similar scheme, and a detailed
procedure for substrate-unbound ABCB1 is described below as an
example. Detailed flowcharts for all data processing can be found in
Supplemental Figures 5A, 6A, and 7A.

For substrate-unbound ABCB1“T, 3660 micrograph stacks were
collected. 3 839 205 particles were automatically picked by the template
picker in cryoSPARC and then applied to multiple rounds of 2D classifica-
tion. 1 755 837 particles were selected and subjected to ab initio recon-
struction with five classes. C1 symmetry was applied during the entire pro-
cess. 265 131 particles were selected for non-uniform refinement. An EM
map at 4.7 A was obtained with clear structural features and served as a
reference for further heterogeneous refinement. After several rounds of
heterogeneous refinement and ab initio reconstruction, 288 714 particles
were selected for non-uniform refinement, finally yielding a reconstruction
map at 3.5 A resolution.

The overall resolution of the final maps of substrate-unbound ABCB1MT,
BL-bound ABCB1"T, and ATP plus BL-bound ABCB15 were determined
by the gold-standard Fourier shell correlation at a 0.143 criterion (Chen
et al., 2013), and the local resolutions were estimated using implements
in cryoSPARC.

Model building and refinement

The apo-state structure model of A. thaliana ABCB1 predicted by
AlphaFold2 was docked into the obtained cryo-EM density maps using
UCSF Chimera (Pettersen et al., 2004; Jumper et al., 2021). The fitted
structures were manually adjusted in Coot (Emsley and Cowtan, 2004).
Further refinements were performed using phenix.real_space_refine in
PHENIX (Adams et al., 2010). The BL molecule was built and refined
using restraints generated by Elbow (Adams et al., 2010). Statistics
for the 3D reconstruction and model refinement can be found in
Supplemental Table 1. An ATP-bound structure model of A. thaliana
ABCB1 was predicted using AlphaFold3 (Abramson et al., 2024). All
structural figures were prepared with PyMol or UCSF Chimera software.

Statistical analysis

Data were analyzed with GraphPad Prism 8. Significance of differences
was determined using unpaired two-tailed t-tests or one-way ANOVA
with Dunnett’s or Tukey’s multiple comparison test. The sample sizes
were chosen to ensure the reproducibility of the experiments and to obtain
meaningful results.

DATA AND CODE AVAILABILITY

The ABCB1 structures in the substrate-unbound state, BL-bound state,
and ATP plus BL-bound state have been deposited in the Protein Data
Bank under accession codes 8ZPX, 8ZPZ, and 8ZQ4, respectively. The
corresponding cryo-EM density maps have been deposited in the Elec-
tron Microscopy Data Bank under accession codes EMD-60366, EMD-
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